Polymer bulk heterojunction (BHJ) solar cells consisting of the photoactive layer containing the interpenetrating network of electron donating polymer and electron accepting PC 71 BM has been proved to be quite effective in converting the solar energy into electrical energy.
1 After many efforts, the power conversion efficiency (PCE) of the polymer solar cells (PSCs) was improved up to 9.2%. 1 Unfortunately, the PCEs of the PSCs were found to be highly affected by the synthetic characteristics of the donor polymers. At present, the poor reproducibility of the synthetic polymer characteristics such as purity, molecular weight, regioregularity and polydispersity of each batch of the polymerization limits the commercial application of PSCs.
2 On the other hand, small molecule organic solar cells (SMOSCs) fabricated from the photoactive layer containing organic small molecule as an electron donor and PC 71 BM as an electron acceptor also showed promising performances in terms of PCE. [3] [4] [5] [6] [7] [8] The PCE of the solution-processed SMOSCs was reached up to 7%. 3 and that for the vacuum-processed tandem SMOSCs was improved up to 10.7%. 4 The overall PCE of SMOSCs is quite close to the maximum PCE obtained from the PSCs. This inspires us to develop new low band gap small molecules for SMOSCs application.
It is well known that the PCE of solar cell devices is strongly dependent on the light harvesting ability of the photoactive layer. To improve the light harvesting ability of the active layer, it is essential to utilize the donor molecules which can absorb the sun light from 300 nm to 1000 nm, along with that the absorption band of donor molecules should be located at the maximum solar flux region (500 nm to 800 nm) of the solar spectra. In our attempt to prepare narrow energy gap small molecules, we were interested in utilizing thiadiazoloquinoxaline units, because certain polymers containing thiadiazoloquinoxaline units have been known to show their absorption band from 300 nm to 1200 nm. 9, 10 In this study, we prepared two new thiadiazoloquinoxaline-based low band gap small molecules, TDQ-SM1 and TDQ-SM2, shown in Scheme 1 and studied their optical, electrical and photovoltaic properties.
In this study, to recognize the influence of the substituent bonded to the quinoxaline ring of the thiadiazoloquinoxaline unit, isobutyl and thiophene substituted thiadiazoloquinoxaline compounds 1 and 2 were coupled with commercially available trans-2-(4-pentylphenyl)vinylboronic acid pinacol Notes ester to afford two new organic small molecules TDQ-SM1 and TDQ-SM2. The synthetic routes for the synthesis of TDQ-SM1 and TDQ-SM2 are outlined in Scheme 1. Compounds 1 and 2 were synthesized via the procedures reported.
9,10 The weak electron donating trans-2-(4-pentylphenyl)vinyl group used in this study is expected to increase the charge carrier mobility while maintaining the HOMO energy level of the final molecules. Usually, the incorporation of strong electron donor groups raises the HOMO energy level of the final molecules. However, the weak donor group might maintain the HOMO energy level. In addition, the high charge carrier mobility is expected due to the extended conjugation length 11 and the possibility for dense packing through the intermolecular van der Waals interactions between flexible alkyl groups and planar aromatic rings in neighboring molecular layers.
5,12 TDQ-SM1 exhibited excellent solubility in chloroform, and chlorobenzene, whereas molecule TDQ-SM2 showed good solubility in chlorobenzene and moderate solubility in chloroform at room temperature. TDQ-SM1 and TDQ-SM2 showed high thermal stability with the 5% weight loss temperature of 330 o C and 385 o C, respectively. The absorption spectra of TDQ-SM1 and TDQ-SM2 were measured in chloroform (1.0 × 10 −5 M) and as thin films (on glass) at room temperature ( Fig. 1) . TDQ-SM1 and TDQ-SM2 show two absorption bands in both solution and film state. The first absorption bands at the region of 300-500 nm are attributed to the π-π* electronic transition and the another absorption bands at the region of 500-900 nm for TDQ-SM1 and 500-1100 nm for TDQ-SM2 are originated from the donor-acceptor internal charge transfer.
9,10 TDQ-SM1 shows their absorption maxima at 397 nm (ε = 3.91 × ) in solution and at 411 nm and 840 nm in film state. The film state absorption spectra of TDQ-SM1 and TDQ-SM2 were found to be quite much broader than the solution state absorption spectra, indicating that the molecules are well orientated in solid state than in the solution state. Interestingly, the optical properties of the thiadiazoloquinoxaline-based molecules were found to be highly influenced by the substituent on the quinoxaline ring. Simply by changing the substitution from isobutyl (TDQ-SM1) to thiophene (TDQ-SM2) on the quinoxaline ring of the thiadiazoloquinoxaline unit, the absorption onset was shifted from 900 nm to 1100 nm in film state. In addition, the absorption band was also found to be quite broad at the low energy part of the solar spectrum. The optical band gap (E g,opt ) of TDQ-SM1 and TDQ-SM2 was calculated from the onset wavelength of the optical absorption as thin film to be 1.36 eV and 1.15 eV, respectively. The optical properties of TDQ-SM1 and TDQ-SM2 are summarized in Table 1 .
The onset oxidation (E ox,onset ) and reduction (E red,onset ) potential of TDQ-SM1 and TDQ-SM2 were estimated from cyclic voltammetry (CV) analysis. The CV spectra of TDQ-SM1 and TDQ-SM2 are presented in Figure 2 . The HOMO and LUMO energy levels of TDQ-SM1 and TDQ-SM2 were calculated to be −5.26 eV, −5.22 eV and −3.86 eV, −3.97 eV, respectively. The electrochemical band gaps (E g,elc ) of TDQ-SM1 and TDQ-SM2 were determined from the HOMO and LUMO energy levels to be 1.40 eV and 1.25 eV, respec- Absorption maximum of the molecules as thin film onto the glass substrate. f Short-circuit current density.
g Fill factor.
h Power conversion efficiency. ) are shown in Figure 3 and the data are summarized in Table 1 . The device fabricated from TDQ-SM1:PC 71 BM (1:3 wt %) as the active layer shows the PCE of 0.24% with a J sc of 2.42 mA/cm 2 , a V oc of 0.42 V, and a FF of 24% while that fabricated from TDQ-SM1:PC 71 BM (1:3 wt %) as the active layer shows the PCE of 0.14% with a J sc of 1.40 mA/cm 2 , a V oc of 0.38 V, and an FF of 26%. The overall photovoltaic performance was found to be better for TDQ-SM1 based SMOSC device even though the absorption of TDQ-SM2 was quite broad up to 1100 nm. For the efficient charge separation at donoracceptor interface, the energy difference between the LUMO level of donor and LUMO level of acceptor should be over 0.2-0.3 eV.
13 However, the LUMO energy level of TDQ-SM2 is very close to the LUMO level of PC 71 BM. Consequently, the charge separation in the TDQ-SM2: PC 71 BM active layer is expected to be reduced and the PCE of the device made from TDQ-SM2:PC 71 BM is expected to be lower than that of the device made from TDQ-SM1:
The morphology of active layers plays an important role in the device performance.
14 To evaluate the blending nature of the active layer of SMOSCs, the surface of the ITO/PEDOT: PSS/TDQ-SM1 or TDQ-SM2:PC 71 BM (1:3 wt %) substrates was investigated by using atomic force microscope (AFM) analysis. The AFM images are shown in Figure 4 . The rootmean-square (rms) roughness of the active layers was found to be 0.53 nm and 1.75 nm, respectively. The relatively smoother surface and better blending nature of the TDQ-SM1:PC 71 BM (1:3 wt %) active layer might be also responsible for the better photovoltaic performance of TDQ-SM1 based SMOSCs.
In summary, two new thiadiazoloquinoxaline-based small molecules, TDQ-SM1 and TDQ-SM2, were prepared. Relatively more extended π-conjugated molecule, TDQ-SM2, was found to show broader and red shifted absorption band compared to that of TDQ-SM1. The optical band gap of TDQ-SM1 and TDQ-SM2 was calculated to be 1.36 eV and 1.15 eV, respectively, indicating that changing the substituent on the quinoxaline ring of the thiadiazoloquinoxaline unit from isobutyl to thiophene significantly compress the HOMO-LUMO energy level of the molecule. The solution processed SMOSC devices prepared by using the configuration of ITO/PEDOT:PSS/TDQ-SM1 or TDQ-SM2:PC 71 BM (1:3 wt %)/TiO x /Al showed maximum PCEs of 0.24% and 0.14%, respectively. The absorption band of TDQ-SM1 appearing exactly at the maximum solar flux region, relatively smooth active layer surface and the better charge separation at donor-acceptor interface are expected to be the reason for the better photovoltaic performance of the device made from TDQ-SM1. Our findings suggest that the substituent on the quinoxaline ring of the thiadiazoloquinoxaline unit highly influences the optical, electrical and photovoltaic properties of the final molecules. We believe that these results are helpful in deigning new broad absorption molecules for solar cell applications.
Experimental
Materials and Instruments. All reagents were commercially available from Aldrich chemicals and used without further purification.
1

H and
13
C NMR spectra were recorded with a 300 and 75 MHz Varian Mercury Plus spectrometer in deuterated chloroform. Melting point was determined by using Gallenkamp Variable Heater. The TGA (Mettler Toledo TGA/SDTA 851) and DSC (SETARAM instrumentation analyzer) analyses were performed under a nitrogen atmosphere at a heating rate of 10 o C/min. Infrared spectra were obtained on a Nicolet 380 FTIR spectrophotometer with samples prepared as KBr pellets. The absorption spectra were recorded with a JASCO V-570 spectrophotometer. The electrochemical property of the polymer was studied with a CH Instruments Electrochemical Analyzer. The SMOSC device performance was measured using a AM 1.5G solar simulator (Oriel 300 W) at 100 mWcm −2 light illumination. 
